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Abstract

Objectives: Autologous bone is considered the gold standard for grafting, yet it suf-
fers from a tendency to undergo resorption over time. While the exact mechanisms
of this resorption remain elusive, osteocytes have been shown to play an important
role in stimulating osteoclastic activity through their expression of receptor activator
of NF-kB (RANK) ligand (RANKL). The aim of this study was to assess the function of
osteocyte-derived RANKL in bone graft remodeling.

Materials and Methods: In Tnfsfllﬂ/f';Dmpl-Cre mice without osteocyte-specific
RANKL as well as in Dmp1-Cre control mice, 2.6 mm calvarial bone disks were har-
vested and transplanted into mice with matching genetic backgrounds either subcuta-
neously or subperiosteally, creating 4 groups in total. Histology and micro-computed
tomography of the grafts and the donor regions were performed 28 days after grafting.
Results: Histology revealed marked resorption of subcutaneous control Dmp1-Cre
grafts and new bone formation around subperiosteal Dmp1-Cre grafts. In contrast,
Tnfsf11%"f:Dmp1-Cre grafts showed effectively neither signs of bone resorption nor
formation. Quantitative micro-computed tomography revealed a significant differ-
ence in residual graft area between subcutaneous and subperiosteal Dmp1-Cre grafts
(p<.01). This difference was not observed between subcutaneous and subperiosteal
Tnfsf11"f:Dmp1-Cre grafts (p=.17). Residual graft volume (p=.08) and thickness
(p=.13) did not differ significantly among the groups. Donor area regeneration was

17f.Dmp1-Cre and Dmp1-Cre mice and restricted to the

comparable between Tnfsfl
defect margins.
Conclusions: The results suggest an active function of osteocyte-derived RANKL in

bone graft remodeling.
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1 | INTRODUCTION

Bone grafting leverages the intrinsic regenerative capacity of
the bone to correct alveolar bone deficiencies and enable opti-
mal implant placement (Dimitriou et al., 2011; Salem et al., 2016).
Autologous (i.e., harvested from the same individual) bone is gen-
erally considered the gold standard for grafting as it contains viable
osteogenic cells, intrinsic growth factors, and a scaffold that collec-
tively promotes new bone formation (Chen et al., 2023; Hjarting-
Hansen, 2002; Troeltzsch et al., 2016). As part of the integration
process, bone grafts are subject to internal resorption. This resorp-
tion is coupled with new bone formation to achieve a union between
the host bone and the graft (Bauer & Muschler, 2000; Stevenson
et al., 1991). However, autologous bone grafts placed as onlays, out-
side the confines of the skeleton, are also subject to surface resorp-
tion over time (Lee et al., 2022; Stricker et al., 2021). In contrast to
internal graft resorption, which is necessary to initiate graft integra-
tion, surface resorption leads to a reduction in graft volume. Over
40% of an autologous bone graftis resorbed in the first 12 postoper-
ative months (Stricker et al., 2021); near-complete resorption can be
observed after 6 years (Sbordone et al., 2012). This is a considerable
limiting factor for the long-term stability at the site of bone grafting
and, by extension, the success of dental implants placed in regener-
ated bone. Clinically, one suggestion to reduce surface resorption
has been to combine or substitute autologous bone with alloge-
neic [i.e., harvested from a different individual of the same species
(Meza-Mauricio et al., 2022)], xenogeneic [i.e., harvested from a dif-
ferent species (Maiorana et al., 2005)], or synthetic [e.g., B-tricalcium
phosphate (Mendes et al., 2022)] material. Notwithstanding this clin-
ical practice, the question of why autologous grafts resorb is yet to
be answered. Much remains elusive with regard to the underlying
cellular mechanisms that trigger graft resorption. On a basic level,
graft resorption itself could plausibly be compared to bone resorp-
tion during physiological remodeling.

During bone remodeling, osteoclasts resorb old or damaged
bone (Hattner et al., 1965). Receptor activator of NF-kB (RANK) li-
gand (RANKL) is a key factor for the differentiation and activity of
osteoclasts (Insogna et al., 1997; Kong et al., 1999). A member of
the tumor necrosis factor family, RANKL is encoded by the Tnfsf11
gene and primarily expressed by osteocytes (Nakashima et al., 2011;
Xiong et al., 2011). Osteoblasts and lining cells also express RANKL
(Ono et al., 2020; Xiong & O'Brien, 2012), yet osteoclast formation
in bone remodeling is mainly driven by osteocyte-derived RANKL
(Xiong et al., 2015). By binding to RANK on osteoclast precursors,
RANKL triggers their differentiation into mature osteoclasts and
thus allows for bone resorption (Park et al., 2017). During physiologi-
cal bone remodeling, resorption is coupled with bone formation (An-
dersen et al., 2013; Delaisse, 2014). It is apparent that as the primary
source of RANKL, osteocytes exert significant control over osteo-
clasts and the process of resorption during remodeling (Nakashima
et al.,, 2011; Xiong et al., 2011; Xiong et al., 2015). In addition to
physiological bone remodeling, recent evidence has shed light on the
role of RANKL expression in osteocytes in both iatrogenic settings

[e.g., orthodontic tooth movement (Shoji-Matsunaga et al., 2017)]
and pathological circumstances [e.g., calcium or estrogen deficiency,
periodontal bone loss (Fujiwara et al., 2016; Graves et al., 2018;
Xiong et al., 2014)]. It is therefore reasonable to assume that RANKL
expression in osteocytes plays a role in bone graft remodeling as
well.

Most of our present knowledge about the role of osteocytic
signaling, including the role of RANKL expression in osteocytes, is
derived from murine Cre/loxP conditional knockout systems (Kim
et al., 2018) utilizing dentin matrix phosphoprotein 1 (Dmp1) (Chi-
cana et al., 2022; Ding et al., 2022; Fujiwara et al., 2016; Graves
etal, 2018; Limetal., 2021; Nakashima et al., 2011; Shoji-Matsunaga
et al, 2017; Xiong et al., 2011; Xiong et al., 2014; Xiong et al., 2015).
Dmp1 is an extracellular matrix protein that is present in dental and
bone tissue where it is primarily expressed by odontoblasts as well
as mature osteoblasts and osteocytes, respectively (Fen et al., 2002;
George et al., 1993; Komori, 2014; Toyosawa et al., 2001). In this
study, we used a Cre/loxP conditional knockout system to selectively
silence the RANKL-encoding Tnfsf11 gene in Dmp1-expressing cells.
We hypothesized that silencing osteocyte-derived RANKL leads to
suppression of the graft resorption; we further hypothesized this
suppression of resorption ultimately prevents new bone formation.
To test these hypotheses, we bred mice lacking RANKL expression
in osteocytes. We then harvested bone disks from the calvariae of
mice lacking osteocyte-derived RANKL and transplanted them as
grafts. To control for a potential effect of the host bone, we trans-
planted the grafts into both subcutaneous (i.e., no contact to host
bone) and subperiosteal (i.e., direct contact to host bone) environ-
ments. As controls to our experimental models, we used mice with
uninhibited osteocyte-derived RANKL expression in osteocytes.

2 | MATERIALS AND METHODS

All experimental protocols were approved by the Medical University
of Vienna institutional animal care and use committee as well as the
Austrian Federal Ministry of Education, Science, and Research (No.
2020-0.225.666). Reporting followed ARRIVE guidelines (Kilkenny
et al,, 2010).

2.1 | Experimental animals

B6N.FVB-Tg(Dmp1-cre)1Jgfe/BwdJ (Dmp1-Cre mice, strain 023047)
and B6.129-Tnfsf11'm11€a%0/) (Tnfsf111* mice, strain 018978) were
commercially obtained (Jackson Laboratory, Bar Harbor, ME, USA)
and subsequently crossed (Core Facility Laboratory Animal Breed-
ing and Husbandry, Medical University of Vienna, Himberg, Austria)
to generate lineage-specific Tnfsf11%™:Dmp1-Cre mice. Through this
action, the RANKL-encoding Tnfsf11 gene was knocked out in Dmp1-
expressing cells and mature osteoblasts and osteocytes of these
mice were rendered unable to express RANKL. This process was
controlled by routine genotyping of all animals (Transnetyx, Munich,
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1f'/ﬂ;Dmp1—Cre mice further exhibit an evident os-

Germany). Tnfsf1l
teopetrotic phenotype which was observed using micro-computed
tomography (Figure S1). Care and attention were paid to good animal
care and treatment. Animals were kept in species-appropriate cages,
in groups of 5 or fewer mice of the same genotype each. A 1:1day/
night rhythm was set, and all animals received water and a regular
diet ad libitum. An acclimatization period of at least 7 days was pro-
vided to all animals preoperatively. The temperature in the rooms
where the animals were kept was set to 22 +2°C and the relative hu-
midity was 55+ 10%. All animals were routinely weighed before and
after surgery. Surgeries were performed on 8-week-old mice of both
sexes which weighed 21 + 3 g preoperatively. Postoperative monitor-
ing was performed by veterinarians (Center for Biomedical Research
and Translational Surgery, Medical University of Vienna, Vienna,
Austria) and by the operating surgeons. The exclusion of an animal
from the study was strictly regulated based on humane endpoints:
drastic weight loss, reduced physical condition, obvious pain, as well
as behavioral problems would lead to the exclusion of an animal from
the study.

2.2 | Surgical protocol

In 8-week-old Tnfsf11"™:Dmp1-Cre and Dmp1-Cre mice, general
anesthesia was induced by first placing the animals in a closed con-
tainer permeated with a mixture of isoflurane and oxygen vapor
at 4% volume concentration for 2min, then injecting a combina-
tion of medetomidine 0.3mgkg™, midazolam 1mgkg™, fentanyl
0.03mgkg™, and ketamine 10mgkg™ subcutaneously. The back of
the head was shaved using an electric razor and the surgical site was
disinfected with povidone-iodine. Using a No. 15 surgical blade, a
6mm long parasagittal incision was made 1 mm left of the sagittal
suture. After preparing a full-thickness flap, a trephine drill with an
inner diameter of 2.6 mm and an outer diameter of 3.2 mm was used
to remove a bone disk from the left parietal bone. The trephine drill
was used in as counterclockwise direction to minimize tissue dam-
age, and manual irrigation using a 0.9% saline solution was used. As
autologous transplantation in rodents is unnecessarily stressful, the
bone disk was transplanted into a different mouse of the same ge-
netic background to simulate autologous grafting based on previous
literature (Huang et al., 2022; Leucht et al., 2013). For subcutaneous
placement, a 3mm long parasagittal superficial incision was made
1 mm right of the sagittal suture, and the bone disk was placed under
the subcutaneous pouch. For subperiosteal placement, no additional
incision was made, and the periosteum was elevated from the right
parietal bone where the bone disk was then placed. In both cases, the
extracorporeal time of the graft did not exceed 2 min. Wounds were
closed with interrupted resorbable monofilament USP 6-0 sutures.
Anesthesia was antagonized by injecting a combination of atipame-
zole 1mgkg™* and flumazenil 0.1 mgkg™* subcutaneously. To control
postoperative pain, a single dose of buprenorphine 0.06 mg kg_1 was
administered by subcutaneous injection after regaining conscious-
ness, followed by piritramide 0.068 mgmL‘1 orally with drinking

water for 72h. Mice were euthanized after a total of 28days in line
with previous research (Chen et al., 2020; Zhang et al., 2005).

2.3 | Histology

For the histological analysis, tissues were first fixed in 4% formalin,
then dehydrated in ascending grades of ethanol, and finally embed-
ded in light-cured resin (Technovit 7200 VLC + 1% benzoyl peroxide,
Kulzer, Hanau, Germany). Resin blocks were further processed using
cutting and grinding equipment (Exakt Apparatebau, Norderstedt,
Germany). Undecalcified thin-ground sections were prepared paral-
lel to the sagittal suture and through the center of the bone graft
or defect and were stained with Levai-Laczko dye for descriptive
histology. In this staining, woven bone appears dark pink, mature
lamellar bone light pink, and soft tissue blue. The osteoid remains
unstained. Digital pictures were obtained with a digital virtual mi-
croscopy system (dotSlide 2.4, Olympus, Shinjuku, Japan) at a reso-
lution of 0.32 um px L.

2.4 | Micro-computed tomography

Ex vivo micro-computed tomography scans were performed at
90kV and 200pA with an isotropic resolution of 20.7 um (uCT 50,
SCANCO Medical AG, Bruttisellen, Switzerland). Scans were three-
dimensionally reconstructed using a visualization software (Amira
6.1.1., Thermo Fisher Scientific, Waltham, MA, USA). To analyze the
bone graft and donor area, image stacks were rotated, so that the
bone disk or the donor area was aligned to the XY-plane.

For the graft, the region of interest (ROI) was defined as the
right circular cylinder aligned to the graft center with a base
(d=2.5mm) parallel to the graft surface area and an individually set
height for each scan to yield the smallest possible volume still con-
taining the entire graft. Around the circular osteotomy area where
the graft was harvested (d=3.2mm), a cylindrical shell-shaped ROI
(zone of death, d;=250 pum) was defined in accordance with current
literature on the effect of trauma at osteotomy sites on osteocytes
(Wang et al., 2017). In addition, a second cylindrical shell-shaped
ROI with the same width (safety zone, d,=250pm) was defined
around the zone of death. The heights of the cylindrical shells
were also set individually to yield the smallest possible volume still
containing the calvaria in its entire thickness. All measurements
were performed using an open-source image processing program
(ImagelJ, National Institutes of Health, Bethesda, MD, USA) with a
custom-defined ruleset.

2.5 | Statistical analysis
Data are presented as means and standard deviations unless stated

otherwise. Our preliminary sample size calculation was reviewed
by the Medical University of Vienna institutional animal care and
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use committee prior to approval. The primary parameters of this
study were residual graft area (i.e., the surface area of the graft
after 28days as a fraction of the surface area of original graft),
residual graft volume (i.e., the volume of the graft after 28 days as
a fraction of the volume of the original graft), and graft thickness
(i.e., the average thickness of the graft after 28 days), as measured
with micro-computed tomography. The secondary parameter of
this study was bone volume fraction (bone volume per total vol-
ume, BV/TV) in the donor area, as measured with micro-computed
tomography. The sample size was calculated a priori based on the
relative residual graft area: we set a clinically relevant threshold
of a 30% smaller remaining area in at least one of the four groups.
This resulted in a minimal sample size of 4 plus dropouts per group
(16 animals plus dropouts for the whole study). For this study,
a total of 21 animals were used, with the following allocation: 6
mice in the subperiosteal Dmp1-Cre graft group, 6 mice in the
subcutaneous Dmp1-Cre graft group, 5 mice in the subperiosteal
Tnfsfllf'/f';Dmpl-Cre graft group, and 4 mice in the subcutaneous
Tnfsf11™"/M:Dmp1-Cre graft group. The final number of animals was
a function of the availability of animals of different genotypes.
The ordinary one-way analysis of variance (ANOVA) and Holm-
Sidak post-hoc tests were used to compare primary parameters
between groups. Unpaired Student's t-tests were used to compare
the secondary parameters between groups. Histological analysis is
presented in a descriptive manner. Where hypothesis testing was
performed, a p-value <.05 was considered significant. Statistical
analysis was performed using Prism 9.5.1 (GraphPad Software,
Boston, MA, USA).

3 | RESULTS

3.1 | Graftslacking osteocyte-derived RANKL
display no histological signs of bone resorption or
formation

To study the effect of osteocyte-derived RANKL on bone graft
remodeling, grafts harvested from the left parietal bone of Tnfs-
fllf'/ﬂ;Dmpl—Cre mice with silenced osteocytic RANKL expression
as well as from Dmp1-Cre control mice were transplanted into sub-
cutaneous pouches and as subperiosteal onlays. One animal in the
subperiosteal Tnfsfllf'/f';Dmpl-Cre graft group was lost due to in-
traoperative complications. The postoperative phase was unevent-
ful, with no complications and no further loss of animals. A total
of 20 animals were included in all analyses. Histological analysis
showed neglectable signs of bone resorption or formation around
Tnfsfllf'/f';Dmpl-Cre grafts. While subcutaneous Dmp1-Cre grafts
showed prominent resorption (Figure 1a,c), the edges of subcuta-
neous Tnfsf11"™:Dmp1-Cre grafts remained continuous and unin-
terrupted (Figure 1b,e). We further found a more marked presence
of multinucleated osteoclast-like cells in close proximity to the
subcutaneous Dmp1-Cre grafts (Figure 1d) compared with subcu-

taneous Tnfsf11™"/":

Dmp1-Cre grafts (Figure 1f). When placed sub-
periosteally, Dmp1-Cre grafts showed new bone formation on both
the graft and the host side (Figure 2a,d). In contrast, subperiosteal
Tnfsf117f.Dmp1-Cre grafts showed minimal amounts of new woven
bone (Figure 2b,f). Notably, the side of the subperiosteal Dmp1-Cre

graft facing away from the host showed some resorption (Figure 2c).
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FIGURE 1 Histological overview of subcutaneous grafts. (a, c, d) Dmp1-Cre graft (n=6). (b, e, f) Tnfsf11":Dmp1-Cre graft (n=4); Black

arrows denote preceding resorption areas.
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FIGURE 2 Histological overview of subperiosteal grafts. (a, ¢, d) Dmp1-Cre graft (n=6). (b, e, f) Tnfsf11"™:Dmp1-Cre graft (n=4). Black
arrows denote irregular surface of Dmp1-Cre grafts compared to Tnfsfllf'/ﬂ;Dmpl-Cre grafts. Lm.B, lamellar bone; Wo.B, woven bone.
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FIGURE 3 Exvivo micro-computed tomography of the grafts after 4 weeks. (a-d) Overview of the grafts. (e) Residual graft surface

area (p <.01). (f) Residual graft volume (p=.08). (g) Mean residual graft thickness (p=.13). Bars and error bars show means and standard
deviations, p-values in figure legend using one-way ANOVA, p-values in graph using Holm-Sidak post hoc tests. All results include data from
both male and female mice. S.c., subcutaneous; s.p., subperiosteal.
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This, too, could not be observed in subperiosteal Tnfsfllﬂ/ﬂ;Dmpl-
Cre grafts whose outer surface remained uninterrupted (Figure 2e).
Taken together, the histological results suggest that silencing
osteocyte-derived RANKL prevents bone grafts from undergoing
both resorption and new bone formation.

3.2 | Silencing osteocyte-derived RANKL reduces
radiographic resorption of ectopic grafts

Remodeling over the 28-day healing period was quantified using
micro-computed tomography of the grafts (Figure 3). Subcu-
taneous Dmp1-Cre grafts showed the lowest residual area at
2.6+1.0 mm2, compared to subcutaneous Tnfsfllﬂ/f';Dmpl—
Cre grafts at 3.4+0.5mm?, subperiosteal Tnfsf11™"f:Dmp1-Cre
grafts at 4.4+0.4mm?, and subperiosteal Dmp1-Cre grafts at
4.5+0.3mm?. The difference among these four groups was
significant (p <.01). Post-hoc tests revealed a significant differ-
ence between subcutaneous and subperiosteal Dmp1-Cre grafts
(p<.01), but no significant differences between subcutaneous
Dmp1-Cre and Tnfsf11"f;Dmp1-Cre grafts (p=.16), subperi-
osteal Dmp1-Cre and Tnfsf11"":Dmp1-Cre grafts (p=.86), as well

fl/fl.
1f,

as subcutaneous and subperiosteal Tnfsfl Dmp1-Cre grafts

(p=.16) (Figure 3e).

Subcutaneous Dmpl-Cre grafts also showed the lowest
graft volume at 0.43+0.14mm° compared to subcutaneous
Tnfsf11"M.Dmp1-Cre grafts at 0.44+0.10mm°, subperiosteal
Tnfsflif'/f';Dmpl-Cre grafts at 0.49+0.08 mm®, and subperiosteal
Dmp1-Cre grafts at 0.59+0.08 mm?®. The difference among these
four groups was not significant (p=.08) (Figure 3f). Subcutaneous
Tnfsfllﬂ/ﬂ;Dmpl-Cre grafts showed the lowest mean graft thick-
ness at 0.15+0.01 mm, compared to subcutaneous Dmp1-Cre grafts
at 0.16 +0.04 mm, subperiosteal Dmp1-Cre grafts at 0.20+0.03 mm,
and subperiosteal Tnfsflif'/ﬂ;Dmpl-Cre grafts at 0.20+0.04mm.
The difference among these four groups was not significant (p=.13)
(Figure 3g). Taken together, the results of the quantitative micro-
computed tomography suggest that osteocyte-derived RANKL
triggers negative changes in the graft surface area. Subperiosteal

placement seems to counteract this catabolic effect.
3.3 | Calvarial donor sites do not regenerate
irrespective of osteocyte-derived RANKL

The potential effect of osteocyte-derived RANKL on the donor site,
a critical-sized calvarial defect in itself, was analyzed using both his-

tology and micro-computed tomography of the parietal bone. After
28days of healing, both Tnfsf11"™:Dmp1-Cre and Dmp1-Cre donor

FIGURE 4 Histological overview of the donor area. (a, c) Dmp1-Cre mouse. (b, d) Tnfsfllﬂ/ﬂ;Dmpl-Cre mouse. Black triangles indicate the
defect edges. Lm.B, lamellar bone (light pink); O, osteoid (unstained); Wo.B, woven bone (dark pink).
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sites showed little bone regeneration which was largely restricted to
the defect margins (Figure 4a,b). While the edges of the osteotomy
were surrounded by new woven bone (Figure 4c,d), defect coverage
remained minimal. For quantitative micro-computed tomography,
the circular osteotomy area, the zone of death, and the safety zone
were set as ROIs (Figure 4b,d-f). No significant difference in BV/
TV could be observed between Tnfsf11"f:Dmp1-Cre and Dmp1-Cre
mice in either the zone of death (p=.72) or the safety zone (p=.13)
(Figure 4g,h). Taken together, the results suggest that osteocyte-
derived RANKL has no effect on the regeneration of calvarial donor
sites which itself, however, is limited to the defect margins.

4 | DISCUSSION

Since the implementation of autologous onlay bone grafts in
clinical dentistry, long-term outcomes have been limited by their
surface resorption (Stricker et al., 2021), leading to the clinical
practice of using combined grafts and stimulating a debate about
whether pure autografts can be considered the gold standard
(Sakkas et al., 2017; Zhao et al., 2021). While in bone biology, the
mechanisms of osteoclastogenesis, in general, have largely been
deciphered—including the crucial role of osteocytes through their
RANKL expression—the causes of autograft resorption have re-
mained unclear. Our findings now shed some light on these pro-
cesses, as we have made the important discovery that silencing
RANKL in osteocytes has a major impact on the resorption of the
graft. Grafts harvested from and transplanted into mice without
osteocyte-derived RANKL remained virtually unreactive, show-
ing neglectable signs of either resorption or new bone formation.
This was in stark contrast to grafts harvested from and trans-
planted into mice without with undisturbed osteocytic expression
of RANKL. The latter showed substantial resorption when placed
subcutaneously, and resorption as well as visible new bone forma-
tion when placed subperiosteally.

The present study is the first to use a lineage-specific conditional
knockout model to study the role of osteocyte-derived RANKL in
bone graft remodeling. As our model involved transplantation be-
tween matching genotypes, we are not able to draw conclusions with
regard to the role of osteocyte-derived RANKL in the graft versus
the host. Nevertheless, our data support previous findings with re-
gard to the link between osteocyte-derived RANKL per se and bone
resorption in both health and disease. Previous research using con-
ditional knockout murine models has identified osteocyte-derived
RANKL to be a primary regulator of bone homeostasis by driving
resorption during physiological remodeling (Nakashima et al., 2011;
Xiong et al., 2011). In addition, osteocyte-derived RANKL also me-
diates inflammatory osteolysis, as shown in a lipopolysaccharide-
induced murine periodontitis model (Graves et al.,, 2018). Our
findings add to this knowledge and extend it toward the resorption
of bone grafts. Histologically, osteocytes inside the bone harvested
from murine calvaria appear to be viable following transplantation
(Figures 1 and 2), lending credence to the hypothesis that their

RANKL expression has an effect on graft remodeling. At first sight,
our observations could be linked to bone regeneration rather than
bone remodeling. However, our data from subperiosteal grafts show
that new bone formation also seems to be impaired by the lack of
RANKL in osteocytes, supporting the general principle that resorp-
tion and formation are coupled.

The clinical relevance of our observations remains at a specula-
tive level. Our findings are consistent with the clinical observation
that adequately placed bone grafts do not provoke an immediate,
excessive immune response and thus only show moderate resorp-
tion in the initial postoperative period. However, our short follow-up
time of 28 days must be taken into consideration. The clinical prac-
tice of limiting effective resorption by combining autologous bone
with different graft materials stems from the obvious necessity of
long-term graft retention. Previous clinical research on pure autol-
ogous grafts has shown a mean resorption of 44% after 12 months
(Stricker et al., 2021) and near-complete resorption after 6years
(Sbordone et al., 2012). In contrast, our previous long-term case se-
ries on combined autologous-xenogeneic grafts has shown a mean
resorption of 25% after a median of 7years (Feher et al., 2022). Not-
withstanding our considerably shorter follow-up period in the cur-
rent preclinical study, our data still suggest the bony environment
protects subperiosteal grafts—even with intact osteocytic expres-
sion of RANKL—as subperiosteal grafts displayed minimal to no re-
sorption. In contrast, placing the grafts away from the host bone and
periosteum obviously initiated a catabolic environment, which drove
osteoclastogenesis and in turn, graft resorption.

This observation raises the obvious question of why we see such
marked resorption in subcutaneous Dmp1-Cre grafts when com-
pared with subperiosteal grafts. One possible reason is inflamma-
tory osteolysis, a clinically unwanted phenomenon which in this case
has luckily allowed us to discover that osteocyte-derived RANKL is
required for graft resorption. At the molecular level, the question
remains what exactly triggers osteocytes within the graft to express
RANKL. Importantly, histology has revealed viable osteocytes in-
side the graft. Therefore, one possible explanation is that osteocytic
apoptosis at the graft margins triggers RANKL expression in the re-
maining viable bystander osteocytes (McCutcheon et al., 2020). An
entirely different explanation is that following apoptosis, the sec-
ondary osteocytic necrosis results in the direct stimulation of osteo-
clasts via damage-associated molecular patterns (DAMPs) (Andreev
et al., 2020). Notwithstanding previous data from a murine model
supporting this DAMP-dependent mechanism of osteoclastogene-
sis, our data underscore the role of osteocyte-derived RANKL, for
at ostensibly consistent levels of osteocytic apoptosis—and by ex-
tension, secondary necrosis—between the study groups, they have
shown markedly different patterns of resorption.

Astherole of inflammation in triggering osteolysis has previously
been demonstrated (Graves et al., 2018), another open question of
potential clinical relevance is whether intervening in the inflam-
matory cascade (e.g., by an anti-inflammatory agent) would lead
to different outcomes. Traditional non-steroidal anti-inflammatory
drugs typically target both cyclooxygenase (COX) 1 and COX-2
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FIGURE 5 Ex vivo micro-computed
tomography of the donor area after

4 weeks, showing three-dimensional
reconstructions (a, c), maximum
intensity projections (b, d) and sagittal
views through the defect center (e,f).
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for the micro-computed tomography
analyses: circular osteotomy area (green;
d=3.2mm), zone of death (orange;
d,=250pm) and safety zone (pink;
d,=250pm). (g) Bone volume fraction

in the zone of death. (h) Bone volume
fraction in the safety zone. Bars and error
bars show means and standard deviations,
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isoenzymes, with some COX-2-selective options available. COX-2
has been shown to play an important role in the bone healing (Simon
et al., 2002), and animals lacking it—either through knockout or in-
hibition (Gerstenfeld & Einhorn, 2004; Zhang et al., 2002)—have
shown worse fracture healing. Importantly, this study did not as-
sess the role of COX in bone graft remodeling. In addition, a clinical
scenario in which COX inhibitors are administered at such a dosage
to influence bone graft consolidation is unlikely. Nonetheless, find-
ings on the link between a transient inflammatory reaction and bone
healing are somewhat similar to our findings from subperiosteal
grafts in which allowing osteocytes to express RANKL and thereby
initiate bone resorption ultimately led to new bone formation.

The limitations of this study can be divided into limitations
stemming from the transgenic animal model, the surgeries, and
the analyses. One of the main limitations is the off-target activity
of the Dmp1-Cre model as Dmp1 is also expressed in mature os-
teoblasts (Lim et al., 2017; O'Brien et al., 2008) and odontoblasts
(Lu et al., 2007). Nonetheless, as dental tissue was not assessed in
this study and osteocytic RANKL expression far outweighs that
of osteoblasts, we believe that the effects of this off-target activ-
ity did not skew our results. Compared with Dmp1-Cre, a novel,
inducible model driven by the Sost promoter has been reported
to show lower off-target activity. However, this model is not yet
readily obtainable (Maurel et al., 2019). Another important limita-
tion with regard to the surgeries was that for subcutaneous graft
placement, a second skin incision was made, resulting in a slight
asymmetry among the groups. While the reasoning behind this ad-
ditional incision was to avoid periosteal damage at the graft site, it
might also have been possible to create an aperture in the subcu-
taneous tissue from the harvesting site and avoid the second skin

° p-values using unpaired Student's t-tests.
All results include data from both male
and female mice.

T

Tnfsf117/1;
Dmp1-Cre

incision altogether. With regard to the analyses, this study was
limited by its single follow-up point as well as the fact that we did
not perform tartrate-resistant acid phosphatase (TRAP) staining
to specifically identify osteoclasts in the histological images. This
is due to the fact that TRAP staining is not feasible with our light-
cured resin embedding system. Consequently, we refrain from ex-
plicitly calling the cells of Figure 1d,f osteoclasts.

Within their limitations, our findings can also serve as a primer
for future studies by having raised a couple of new questions. First,
our data suggest that graft resorption and new bone formation are
potentially coupled, an observation that is not surprising per se (An-
dersen et al., 2013), yet somewhat unexpected when studying au-
tografts. From this, a new hypothesis can be derived, namely that
a certain extent of osteoclastic activity is required to initiate the
anabolic osteoblast-mediated part of graft consolidation. In this con-
text, our results should be considered preliminary. Testing this new
hypothesis will require a more comprehensive study taking these
current observations into account. Further, future research could as-
sess to which extent, and if at all, osteocyte-derived RANKL is nec-
essary in various other scenarios of bone regeneration (e.g., socket
healing following tooth extraction). Finally, studying graft remodel-
ing following cross-transplantation between Tnfsfllf'/f';Dmpl—Cre
and Dmp1-Cre could help distinguish the role of osteocyte-derived
RANKL in the graft and the host.

An auxiliary finding of our study is that the calvarial donor sites
of Tnfsf11"":Dmp1-Cre and Dmp1-Cre mice do not regenerate. This,
too, is in agreement with previous work on critical-sized calvarial de-
fects ranging from 1.8 to 2.5mm in diameter (Cooper et al., 2010;
Cowan et al., 2004; Samsonraj et al., 2017). In our defects 3.2mm
in diameter, bone regeneration was limited to the defect borders
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(Figure 5). Consequently, we remain unable to draw conclusions on
how and whether osteocyte-derived RANKL affects intramembra-
nous bone regeneration. Even though this finding is not related to
our original hypothesis, we are reporting it as an additional point
of reference for future research using critical-sized calvarial de-
fects. For further investigations, we propose covering the defect
with an osteoconductive membrane to serve as a scaffold, which is
what we have previously used for calvarial defects in the rat (Feher
et al., 2021).

5 | CONCLUSIONS

In the absence of osteocyte-derived RANKL, subcutaneous bone
grafts showed virtually no resorption whereas subperiosteal bone
grafts showed neither resorption nor new bone formation. Within
the limitations of our study, the results suggest an active function
of osteocyte-derived RANKL within the bone graft remodeling cas-
cade, identifying osteocyte-derived RANKL as an important factor

in the clinical procedure of bone grafting.
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